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ENGINEERING EXPERIMENT STATION 
GEORGIA INSTITUTE OF TECHNOLOGY • ATLANTA, GEORGIA 30332 
August 9, 1973 
Radiation 
A Division of Harris-Intertype Corp. 
P. 0. Box 37 
Melbourne, Florida 32901 
Attention: Mr. Lou J. Sillay, Associate Principal Engineer, 
Systems Engineering Department 
Subject: 
	
Interim Report, Project A-1537, "Study of Thermal 
Coefficients of Expansion in Potted Devices" 
In accordance with the plan of investigation outlined in our proposal 
of May 28, 1973, under subject title, we have investigated the problem of 
failures in potted subassemblies via the following specific studies: 
1. DSC studies of the kinetics of resin-curing agent reactions in  
various stoichiometries. 
A number: of DSC runs have been conductefi with Rty /7'Pqr 9 A5 1 rc'cin and 
Curing Agent 11A in various ratios, but primarily in the recommended ratio 
of 22 phr. Two Perkin-Elmer DSC-1B instruments were employed; one located 
in the School of Chemical Engineering; the other located in the Engineering 
Experiment Station. In most runs there was virtually no evidence of an 
exotherm. 
In order to improve the sensitivity of the instrument by reducing the 
heat capacity of the resin, the aluminum oxide filler was separated from the 
resin for further studies. Even these failed to produce readable exotherms. 
A fresh sample of curing agent provided slight improvement, but we had to 
conclude that the sensitivity of the instruments being used was inadequate for 
this task. 
Arrangements have been made to use a Mettler TGA-DTA when it becomes 
available through courtesy of the School of Textile Engineering. This instru-
ment should provide one order of magnitude greater sensitivity than those 
we have used, and is expected to become available next week. 
In the meantime, we have assurance of the presence of a measurable 
exotherm through experiments run with larger samples in which thermocouples 
were embedded. We would prefer not to make any computations based upon these 
results, since the mass of material is such as to provide poor heat transfer, 
with resulting distortion of the thermal response curve. 
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2. Identification of resins and curing agents. 
A portion of the resin of Stycast 2651 was separated from the filler, cast 
as a film on sodium chloride and examined by infrared spectroscopy. The IR 
absorption spectrum is shown in Figure 1. This spectrum is characteristic of 
a bisphenol A-butyl glycidyl ether epoxy resin, and is similar to that shown 
by Dow's D.E.R. 331 or 334, and Shell's Epon 828 or 834: 
Infrared spectra of curing agents 11 and 11A were run in the same manner, 
with results as shown in Figure 2. Curing agent 11 appears to consist primarily 
of an aliphatic tetramine, while 11A has the characteristics of a mixture of 
diammines with a fatty acid polyamide, such as linoleic. This blend resembles 
Union Carbide's ZZLA-0315 epoxy curing agent. 
3. Thermal cycling of finished components. 
Samples of resin/curing agent mixtures in ratios of 13, 16, 19, 22 and 
25 phr have been prepared. From these mixtures, potted sub-assemblies have 
been prepared, two for each ratio. Simultaneously, blocks of the same mixtures 
have been cast into polycarbonate boxes, identical with those used for potting 
subassemblies, two for each ratio. All have been cured on the schedule of 
1/2 hour at 62 ° C and two hours at 100 ° C. One set of blocks was utilized for 
the experiments described in study no. 4, below. One set of blocks and one 
set of potted subassemblies is now undergoing thermal cycling on the following 
schedule: one hour at -65 : u, one hour at room temperature, one hour at +80"C, 
one hour at room temperature, and repeat, for n cycles. At the conclusion of 
the cycling, the specimens will be sectioned and studied according to the 
experiments described in study no. 4, and others, if indicated. 
4. Check for cure. 
Uniformity of Mix  
Potted modules supplied by the sponsor were sectioned by cutting 
out transverse planes parallel to the base. Sections were approximately 1/8 
inch thick. Cutting disks used were ACM Products Company 4 Cut-120-15; passes 
were made at successive depth increments of 1/16 to 1/8 inch. The operation 
was thoroughly water cooled. Sections were then polished on one face, using 
water cooled metallurgical grinding and polishing wheels. 
Polished faces were examined under 7+ power magnification, then immersed 
in acetone for several hours. The acetone was kept in continuous circulation 
against the polished face. The sections were then removed, dried and reexamined. 
In no case was any etch pattern observed, as would have been the .case had there 
been pockets of unmixed resin or curing agent. 
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No evidence was found to indicate that resin and curing agents were not 
uniformly mixed in preparation of the potting material. 
Stoichiometry  
Sections prepared as above were exposed to methylene chloride 
for etching purposes; however, attack by the solvent was so severe that the 
sections were disintegrated into fragments. Dissolution in the solvent did 
not occur; hence, the fragmentation was a consequence o mechanisms other than 
solvation. 
Other sections were exposed to methylene chloride vapor at room temperature, 
whereupon the fragmentation occurred as before, but at a rate and under conditions 
permitting better observation. There was a peripheral failure, causing splitting 
off of an approximately 1/16 inch section around the outer edge. In addition, 
the resin separated from the components via transverse splitting. Also, areas 
of continuous resin showed peripheral splitting extending from their outer edges 
towards their centers; the centers appeared to be relatively unaffected. 
In consideration of the heterogeneity of these sub-assembly sections, it 
was not possible to propose a mechanism for this type of failure. We prepared 
samples of Stycast with Curing Agent 11A in ratios of 13, 16, 19, 22 and 25 phr, 
and cast these into polycarbonate boxes identical with those used for the sub- 
s assemblies. There were cured at 62 ° C for 1/2 hour, then at 100 ° C for two hours. 
After several days at room temperature, these samples were sectioned in the same 
manner as the sub-assemblies, to a thickness of 1/8 inch, then exposed to methylene 
chloride vapors at room temperature for a period of 	 (11----vatis•ns 
were as follows: 
At two hours, the 13 phr sample showed thin sections split in masses from 
the upper surface of the specimen. These splinters stood like stalagmites 
over a large portion of the surface. To a very small degree, the same phenomenon 
was observed on the 16 phr sample, although the splinters were much smaller and 
very scattered. No effect was observed on the remaining specimens. 
At four hours, the 13 phr sample showed increased stalagmiting. In addition, 
the entire periphery of the specimen was split off in a jagged line about 1/8 
inch from the outer edge. The fragments were 1/2 inch to 3/4 inch in length. 
The 16 phr sample also showed slightly increased stalagmiting, and its entire 
periphery was split off in full length jagged fragments approximately 1/8 inch 
in thickness. 
At six hours, the 13 phr sample showed no increase in stalagmite formation: 
however, fragmentation had proceeded to the point that several layers of material, 
up to 3/16 inch in thickness, had separated around the entire periphery. There 
were also some transverse cracks through the central portion of the wafer. The 
16 phr sample showed the same effects to a lesser degree, except that there was 
no transverse splitting. In the 19 and 22 phr samples, the outer layer had split 
off full length throughout the periphery, and a second layer was separating in 
the form of chips up to 1/2 inch length. The 25 phr sample showed splitting off 
of full length fragments, about 3/32 inch thick, along each side. 
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After eight hours exposure, fragmentation of the 13 phr sample was both 
multidirectional and peripheral, to the point that the sample showed almost 
complete disintegration. The 16 phr sample showed continued splitting and 
chipping inwardly from the edges to a depth of about 5/16" on the ends, 1/4" 
in the middle. The 19 phr sample showed these effects to a lesser degree; 
the 22 phr sample, to a still lesser degree, but still quite marked. The 
25 phr sample showed failure only in the peripheral splitting off of a 1/16" 
layer; the remainder of the wafer was still solid. The eight-hour results 
are shown in Figure 3, a through e. 
Results obtained with these wafers, in comparison with the.sections 
cut from subassemblies, are significant from the standpoint of both stoichio-
metric cure ratio and stress patterns. That the fragmentation which was 
observed in the five stoichiometric ratios is a consequence of incomplete 
cure is apparent from the fact that the most severely affected was the wafer 
cut from the 13 phr sample, and that severity of MeC1 2 attack decreased with 
increasing ratio. Actually, a fully cured epoxy resin should not be attacked 
at all by this vapor, and the 25 phr system almost met that criterion. The 
fact that fragmentation did occur in the 25 phr system and to a greater 
.degree in the 22 phr system indicates that the ratio specified for CA 11A 
(22 phr) is inadequate for complete cure. 
The pattern of the fragmentation, which is primarily peripheral, with 
transverse cracking appearing only in the last stages, can be understood by 
laying an unexposed chip alongside the exposed chip (Figure 3f). Ic is 
apparent that the phenomenon has occurred through absorption of solvent 
vapors by the slightly uncured resin, causing expansion, which places high 
radial stress upon the mass. At the same time, penetration by MeC1 2 mole-
cules serve to weaken intermolecular bonds of the resin, giving rise to 
failure in a direction perpendicular to the stress vector; i.e., more or 
less parallel to the edge. This directional effect is observed in the 
shape of the jagged edges of the splits and especially in a "beveling" 
effect seen in the remaining edges of the specimens. 
The effect of heat is similar to that of methylene chlorine vapor; 
however, over the range covered in thermal cycling, this effect is much 
milder and does not approach the level required for fragmentation to 
occur. Nevertheless, thermal expansion does produce a similar stress 
pattern and does cause some weakening of intermolecular bonds. It might 
well be anticipated that repeated thermal cycling would in time cause 
structural weaknesses to develop along the lines of failure observed in 
the MeC12 exposure samples, although to a degree not noticeable to the 
naked eye. 
Sections of potted subassemblies submitted by the sponsor were exposed 
to methylene chloride vapor and observed over a period of five hours. One 
sample was taken at random from those initially supplied by the sponsor; 
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its history was not known. The other sample was one which had been submitted 
to repeated thermal cycling and testing by the sponsor and identified by him 
as a reject. Whether rejection was caused by failure of a solder joint, 
a glass diode, or other feature is not known. 
These sections were examined at the end of two hours, at which time 
there was no noticeable effect on the random sample, while the "reject" 
showed slight warping. After four hours, the appearance of the random sample 
was still unchanged, while the "reject" had separated into several fragments, 
with some peripheral chipping. The experiment was concluded at the end of 
five hours, when the random sample showed splitting in the vicinity of some 
components (Figure 3g). At this time, fragmentation of the "reject" was 
severe (Figure 3h). 
In view of the preceding observations relating fragmentation to cure, 
it is evident that the "reject" was less fully cured than the random sample. 
Whether cure failure in this instance was a result of improper mix ratio, 
decreased activity of the curing agent, improper curing cycle, or other 
cause is not known. However, the initial experiment with MeC1 2 vapor does 
indicate that the 22 phr ratio might be too low for the sample of curing 
agent employed in our preparations. 
5. Measurement of Exotherms. 
Because of the difficulties described above, exotherms of the curing 
reaction have not been measured; however, we hope to obtain suitable results 
with the Mettler instrument. 
6. Hardness of cured resin. 
Hardness measurements are being made, using the Shore Durometer, on 
resins cured under the various stoichiometries. Results will be included in 
the final report. 
a 
7. Homogeneity of mixing. 
Attempts to etch polished sections of potted subassemblies and cast 
blocks with various solvents were described above. No evidence of inhomo-
geniety in mixing was found in these studies. Consequently, incomplete 
mixing has been ruled out as a contributory cause in the failure of the 
potted units. 
8. Microscopic studies. 
Solder joints exposed by sectioning have been examined microscopically. 
The mechanical effects on these joints experienced during the sectioning, 
however, are sufficiently severe that it has been impossible to relate 
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observations to stresses that might have developed within the subassembly. 
A number of solder joints in unpotted subassemblies have also been examined, 
but no instance of discontinuity has been observed. 
9. Effect of Moisture. 
Mixes of resin and curing agent in the 22 phr ratio-have been prepared 
from resin and curing agent that have previously been exposed to ca 100% 
relative humidity for a period of several days. There has been no indication 
of moisture deterioration from the standpoint of the cure rate and ultimate 
cure of the mixture. 
10. The Alpha report. 
We have studied the Alpha report No. TC-007-3C, "A Technical Evaluation 
of KW-7 Module Design and Workmanship Requirements," and will be willing to 
comment in detail upon the findings of this report in the light of our own 
findings in the laboratory. The conclusions of the Alpha report place prime 
responsibility for failure of soldered joints upon (1) design and workmanship 
requirements for lead staking, (2) the lack of lead stress relief, and (3) 
the use of thick RTV coating. 
Our findings on expansion effects strongly support items 1 and 3 as 
contributory factors. The problem of lead stress relief is a complex one, 
as it is difficult_ to provide relief in one direction without inviting scres 
in another direction. That stress relief is needed in lead configuration 
cannot, however, be argued. 
Effect of stress on diode characteristics. 
We are enclosing a copy of the paper, "Use of p-n Junction Semiconductor 
Transducers in Pressure and Strain Measurements," by M. E. Sikorski. Mr. 
Sikorski, formerly of Bell Telephone Laboratories, is now a member of the 
Engineering Experiment Station Staff. 
This paper may aid in the interpretation of results obtained in the 
measurement of mother board and subassembly electronic characteristics under 
conditions of expansion and contraction. 
Reference materials on DSC measurements and interpretation. 
Dr. Muzzy has provided us with the following papers on DSC measurements 
and their interpretation. If you do not have copies readily available, we 
shall be glad to furnish them. 
1. R. A. Fava, "Differential Scanning Calorimetry of Epoxy Resins," 
Polymer, March 1968, p. 137 
Radiation 	 -7- 	 August 9, 1973 
2. Dr. Dennis A. Gibboney, "Degree of Cure Determinations Using QDTA," 
30th Annual Technical Conference, Society of Plastics Engineers, 
Inc., Chicago, Ill, May 15-18, 1972 
3. Paul E. Willard, "Curing Kinetics of Diallyl Phthalate Molding 
Compounds," SPE Journal, July 1973, p. 38 
.1! 
Chap. 12 of Physical Acoustics, Vol. 1, Part B; Warren P. Mason, ed., 
New York, Academic Press, 1964 
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Conclusions  
Since this is an interim report, conclusions drawn from the foregoing 
experiments and results should not be considered final. Within that limi-
tation, however, our experimental results lead to the following factors as 
contributing to the failure of solder joints in the submitted subassemblies: 
1. Design of the module is such that solder joints are made between 
lead and interior section (apex) of notch, with virtually no support between 
lead and edge of board (a point made in the Alpha report). Consequently, 
these joints might be expected to withstand an inward pressure against the 
joint much more strongly than an outward pressure. 
2. Expansion resulting from temperature changes operate to produce 
stresses aginst the interior surfaces of the leads and joints and to push 
away from the joint that portion of the plotting compound which lies between 
the joint and the edge of the board. This, in effect, weakens the support 
of the joint on the exterior side, while stress builds up on the interior 
side. 
3. This expansion is increased by the pressure developed in the RTV 
coating, since the RTV under these circumstances behaves as a completely 
enclosed and incompressible liquid under thermal expansion. 
4. Mechanical failure of the potting compound under thermal expansion 
is aggravated by incomplete cure. 
Future work  
This research project will be concluded in the near future by completion 
of several tasks under way: (1) measurements of exotherms by DSC to deter-
mine reaction kinetics, optimum resin/curing agent ratio, optimum curing 
cycle and completeness of cure, (2) measurement of coefficients of thermal 
expansion, (3) measurements of compressive and flexural moduli, and (4) 
effects of thermal cycling. 
Respectfully submitted, 
w . n. nurrows 
Principal Research Scientist 
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:Thep-n junction devices such as diodes and transistors have fotind 
it multitude of applications in the field of electronics, ranging from 
rectification of electrical currents to. amplification of electrical signals. 
These devices have also bccn used to convert one form of energy into 
another as, for example, in the case of a solar cell in which light energy 
is converted into electrical energy. 
Recently, new applications have been found for the p-n junction 
devices, namely, the conversion of a mechanical or acoustical signal 
into an electrical signal, or vice versa. The subject matter of this 
chapter is related to the conversion from a mechanical to an electrical 
signal. The reverse problem is treated in Chapter 13. 
The usefulness of the p-n junction devices as uniaxial, biaxial, or 
triaxial stress (pressure) transducers is due to the fact that the current-
voltage characteristics of these devices shift as a result of the application 
of certain sets of stresses. This means that the electrical resistance of a 
given device for a certain bias condition is a function of the applied 
stress. The change in the resistance can be used as a measure of the 
applied stress, or pressure. 
The reason why p-n junction devices are of such great promise in 
the field of pressure and strain transducers is that they have the 
advantage of the static property measurement, their sensitivity is 
competitive with that for other signal pickup devices, and they arc 
inherently small in size and simple in construction. 
It is the purpose of this chapter to describe the effects of stress, 
or pressure, on p-n junction devices and in particular tunnel diodes. 
In addition, methods will be presented whereby these devices can be 
used to measure stresses or pressures. A few applications will be cited. 
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H. Semiconductor Diodes 
A. ORD1NAlti' DIODES 
A•diode is a nonlinear 2-terminal device. The electrical impedance 
is ]ow for one applied bias polarity and high when the bias polarity 
is reversed. Figure 1 shows the current-voltage characteristic of a 
semiconductor diode. 
The electrical characteristic of Fig. 1 is divided into forward and 
reverse regions. A forward bias always produces a relatively large 
current at small applied voltages. The application of reverse voltage, 
however, has little effect on the magnitude of the reverse current. 
Figure 1. illustrates these effects. From 0 to A, the reverse current 
undergoes an increase with reverse voltage. This increase is in micro-
amperes or less. From A to B, large changes in reverse voltage produce 
very small increases in reverse current (this change is exaggerated in 
the figure). The region irom A to B, therefore, is called the saturation 












    
    
      
      
        
         
         








I.._ SATURATION REGION 
(REVERSE) 
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region. Ileytind point, B, the current increases rapidly. This is called 
iltv breakdown region. 
In the saturation region (between points A and 13), the current is 
fairly constant for relatively large changes in voltage. This region is 
commonly utilized in the performance of rectification. In the break-
down region (hetween points Band C), a large increase in current is the 
result of a small increase in reverse voltage. This can be classified as a 
constant voltage region and is normally used for voltage regulation. 
Both of these regions can be utilized to advantage for sensitive strain 
measurements. .„ 
Flo. 1. Current•voltage characteristic of a semiconductor diode or p-n 
junction. 
The current / through a diode can be expressed until the breakdown 
occurs by 
I = .18(c (0 '/k 2'1 11 	 (1) 
where Is is a constant in the absence of mechanical stress, q/kT has a 
value of 38.617-1 at 27°C, and V is the applied potential. For forward 
voltages in excess of 50 mv, the current rises exponentially and increases 
by a factor of 10 for every GO mv. For reverse voltages, the exponential 
term quickly approaches zero, and the current is equal to This is 
shown in Fig. I by a dotteEl line passing through point A on the diode 
characteristic and drawn parallel to the voltage axis. 
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Flo. 2. Forward current-voltage characteristics of a silicon diode: 
(a) condition of no stress; (b) uniaxial stress applied in the direction perpendicular 
to the plane of the junction. 
I . 
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Flo. 3. Reverse current-voltage characteristics of the silicon diode of 
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A ctual p--fl junctions fail to obey the above constant, saturation 
current condition predicted by the simplified theory which neglects 
surface effects. The fact that, the junction reverse current (between A 
and B in Fig. I) is higher than calculated from Eq. ( I ) is generally 
attributed to surface recombination and surface leakage across the 
..7)-21. junction (/). 
The physical principles of semiconduct or diodes have been discussed 
at some length in Chapter 10; hence, we will proceed directly to the 
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no. 4. Variation of reverse current. with stress for three silicon (bodes. Data 
correspond to a constant voltage bias point of — 20 volts. 
Figure 2 shows forward I-V characteristics of a silicon diode. Curve 
(a) was obtained when the diode was not stressed and curve 04. is a 
characteristic of the same diode under stress. The compressive stress was 
applied in the direction perpendicular to the plane of the junction. The 
shift in the characteris -vic as a function of stress was found to be revers-
ible. If wo consider a constant voltage line corresponding to a bias voltage 
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of 0.3 volt. it is clear from the figure that the current increased by 
about 50 times on account of stress. 
The reverse 1-V characteristics of the same diode subjected to the 
same tAtress as above are shown in Fig. 3. Notice that whereas the 
exponential rise in current in the forward characteristic corresponds to 
a little over 0.4 volt, the sudden rise (in absolute value) of the current 
in the reverse bias occurs at about 50 volts. Again curves (a) and (b) in 
Fig. 3 correspond to no stress, and stress conditions, respectively. In 
the reverse characteristic the changes in the current on account of 
stress, for a given constant voltage, arc even more pronouoced. These 
effects arc shown in a different manner in Fig. 4. 
The insert in Fig. 4 illustrates how the p -n junctions were mounted. 
The assembly consists of two disks of silicon on which small mesas 
were made. The p-region was formed in one of the mesas by a diffusion 
process. This is indicated by a blackened region in the top mesa 
,(pointing down). The top surfaces of the mesas were metallized to 
provide an ohmic contact on assembly. As shown in the figure, the two 
silicon disks are separated by a glass spacer. The over-all height of the 
entire device is about 0.014 inch and the diameter is about 0.030 inch. 
The stresses were applied to the junctions by putting the devices 
in a pressure vessel and applying, hydrostatic pressure. By the construc-
tion of the device the hydrostatic stresses were converted into nearly 
tmiaxial stress, perpendicular to the plane of the junction, the two 
silicon disks acting as diaphragms. 
Curves (a), (b), and (c) of Fig. 4 were obtained for three different 
diodes. They represent the variation of current with pressure for a ; 
constant bias point of — 20 volts in the reverse characteristic. Notice 
that for diode (a) the current started to rise rapidly when a relatively 
small pressure was applied to the device, whereas it took about • 
11301.K; 	irtt-ta 	the ei.u_NC: Of 	0)) :Jr a. 
rise to occur. For diode (c), a decrease in the current was first noted 
and then a rapid rise took place from about 17,000 psi on. These 
differences in behavior may be due to different amounts of residual 
stresses present in the device after assembly. 
Before we proceed to the next section it is of interest to make a 
remark about the orders of magnitude of changes in resistance occurring 
for these diodes on account of stress. Let us consider curve (a). For a 
pressure range between 2000 and 6000 psi, a change in the current 
occurred from a value of about 10 -7 ampere to about 10 -3 ampere. 
This corresponds to a change in resistance on the order of 10'. Even 
larger changes of resistance take place for larger negative biases, as can 
be easily verified by looking at Fig. 3. It goes without saying that these 
effects could be utilized for very sensitive strain, or force, measurements. 
Since changes in resistance on the order of micro-ohms can be detected 
with bridge methods, it.. -;hould be possible to measure very small 
strains indeed. 
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. 	Devices as described in connection m.ith 'Fig. 4 would also make 
sensit ivy hydros( at is . pressure t ransducers. 
Recently, very large shifts in the I-V characteristics of germanium 
diodes under 611'•s, were reported in the literature (24). In this work 
diodes were stressed by means of a diamond needle, which was applied 
in the direction perpendicular to the plane of the junctions. Although 
the stress field was quite different between this case and ours, in both 
no. 5. Current•voitagu characteristics for typical examples of 6ilicon and • 
germanium junctions made from materials of different resistivities. [After 
Chyno•eth et al. (5).] 
instances large effects were observed. It is worth noting that in both 
cases, i.e., for both silicon and germanium diodes, an increase in the 
current, with stress was observed. As will be seen later, in connection 
with the discussion of pressure effects on tunnel diodes, different effects 
arc observed for silicon and germanium tunnel diodes. For silicon 
tunnel diodes the current increases with pressure, whereas it decreases 
for.germanium diodes. These effects are related to the different signs 
of the pressure coefficient of the energy gap for both materials. 
We will recall that the diode of Figs. 2 and 3 had a breakdown 
voltage of about — 50 volts. Different applications require different 
breakdown voltages, hence diodes have to be made in such a way as to 
give the desired I-V characteristics. The potential at which the break-
down occurs can be regulated by the amounts of impurities in the n- and 
12. p -n Juno 
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pregions or the semiconductor material introduced at the time of 
manufacture. 
Figure 5 shows the 	characteristics of soverai diodes made of 
tiilicon that germanium material of different resistivities. IL is quite 
clear that as the resistivity of the material decreases, or the doping 
level increases, the breakdown voltage shifts to lower negative values. 
This is of interest from the point of view of the physical mechanism 
of breakdown that occurs for diodes of different, doping levels. A. G. 
Chynoweth et a/. (.5) have shown that if the breakdown occurs at a low 
voltage, the mechanism is that of tunneling 6r internal field emission. 
If the breakdown occurs at a relatively large negative voltage, it is due 
to the process called avalanche breakdown. This will be treated in more 
detail in the section that follows and will lead us logically into the field 
of Esaki diodes. 
B. ZExm DIODES 
"Zener diode" is a term which covers voltage regulator, stabilizer 
and reference diodes. They depend for their operation on the large 
current. rise (Fig. 1, line BC') of a silicon diode in its well-defined 
breakdown region. The breakdown characteristics are remarka hly sharp, 
the voltage increasing only by a fraction of a volt over several decades 
of current. The temperature coefficient of voltage changes sign from 
negative to positive as the breakdown voltage is increased, going through 
zero in the 5-6 volt, region. Voltages of this order are suited to transistor 
circuits, and /.ea ger diodes are used to provide reference voltages. 
The change in the sign of the temperature coefficient of voltage 
in the 5-6 volt region for silicon diodes is related to the change in the 
mechanism of breakdown in the same voltage range. 
It was at,  first thought that. the mechanism of all junction break-
down phe,nonana ■:T,F, that described originally hy ( i;) at winch 
is also called "tunneling," or "internal field emission." It is now 
recognized that. two distinct, mechanisms exist., depending on the thick-
ness of the junctions. In the case of very narrow junctions, those that 
have breakdown voltages of less than 5 volts for silicon, primarily 
Zener breakdown seems to occur, and in the case of wider junctions, 
avalanche breakdown predominates (•). Hence, the breakdown of 
junction A in Fig. 5 can be considered to be mainly due to avalanching, 
whereas that of diodes C, D, E, and F is due mostly to tunneling. The 
unit marked with a letter B breaks down at about 5 volts, and 
undoubtedly exhibits a mixture of the two breakdown mechanisms. 
In the case of the tunneling mechanism, an increase in the tempera-
ture causes the forbidden band to become narrower, and hence the 
tunneling probability increases and the breakdown takes place at a 
lower voltage. 
Tho avalanche breakdown mechanism involves ionizing collisions 
of electrons with the lattice which result in electron-hole pair production. 
A-1537 
ENGINEERING EXPERIMENT STATION 
GEORGIA INSTITUTE OF TECHNOLOGY • ATLANTA, GEORGIA 30332 
September 6, 1973 
Radiation, A Division of 
Harris-Intertype Corporation 
P. 0. Box 37 
Melbourne, Florida 32901 
Attention: Mr. Lou J. Sillay, Associate Principal Engineer 
Systems Engineering Department 
Subject: 	Addendum to Interim Report, Project A-1537, "Study of 
Thermal Coefficients of Expansion in Potted Devices" 
At the time of our preparation of subject Interim Report, there were 
several facets of the study which were not quite complete. These have now 
been completed, and are included in this Addendum, together with our con-
clusions and recommendations concerning the devices under study. 
1. Hardness  
Hardness of cured samples, prepared with a ratio of 22 parts of curing 
agent CA-11A to 100 parts resin, was checked with the Shore Durometer. Five 
readings were taken on each sample at each temperature; Table 1 presents the 
averages of the five readings. 
TABLE 1 
Hardness of Cured Epoxy Resins 
Sample No.: 	1 	 2 	 3  
Temperature, ° C: 	22 	62 	100 	22 	62 	100 	22 	62 	100 
Shore Hardness: 	90.2 86.0 63.3 	90.4 84.2 63.6 	90.2 85.0 64.0 
	
4 	 5 
22 	62 	100 	22 	62 	100 
90.2 84.8 62.2 	90.6 85.6 66.2 
Shore hardness was also determined on a sample prepared at 22 phr and 
cured at 63 + 1 ° C for 1/2 hour, without the 100 ° C postcure. Average of five 
readings was 89.4 at room temperature (22°C). 
Radiation, Project-1537 	 -2- 	 September 6, 1973 
Maximum deviation of readings on any sample at room temperature and at 
62 ° C was 2 points. At 100 ° C, maximum deviation was 18 points. 
2. Coefficient of Thermal Expansion  
Linear coefficients of thermal expansion for cured resins prepared with ratios 
of 13, 16, 19, 22 and 25 phr were measured on the versatile testing device in the 
Micromechanics Laboratory. Samples used were rods cast by pouring the resin-
curing agent mix into test tubes of 3/8" I.D. These reds were cut into lengths 
of approximately 2-1/4" for insertion into the device. Expansion was measured 
over a temperature range of -150 ° C to +60 ° C using a displacement transducer. 
Table 2 shows the values of the coefficients for rods cast from the 5 curing 
agent-to-resin rations: 
TABLE 2 
Coefficients of Thermal Expansion of Cured Epoxy Resins 
Curing Agent Ratio, 	phr: 13 16 19 22 25 
Coefficient x 10
-5 
in/in/ ° C: 4.95 4.82 4.63 4.38 4.197 
By contrast, the coefficient of thermal expansion of the glass-filled epoxy 
circuit board is ca. 2.2 x 10-5 in/in/ ° C; the two differ by a factor of 2. 
3. Flexural Modulus  
Flexural modulus was measured using specimens of rectangular cross section, 
cut from blocks of the cured resin. Specimens were approximately 0.11" x 0.226" 
x 2.2". Force measurements were made with a load cell. Curves for force versus 
deflection were obtained for each catalyst-to-resin ratio at temperatures of 40 ° C, 
room temperature (22 ° C) and 0 ° C. Copies of these curves are attached as Figures 
1 through 15. 
4. Compressive Modulus  
Similar curves were developed for force versus compression at room tempera-
ture, using specimens of similar geometry to those used above. These curves are 
shown as Figures 16 through 20. 
There is comparatively little variation in the compression curves for the 
five levels of curing agent. This would indicate that these curves span a transi-
tion from highly gelled liquid to partially plasticized solid. The transition 
would occur mainly between the 19 and 22 phr levels, where a decrease in slope 
is observed. Above this level, the increase in modulus with increasing degree 
of cure corresponds to increases in flexural modulus, hardness, resistance to 
methylene chloride vapor sorption; decrease in coefficient of thermal expansion, 
etc. 
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Conclusions  
1. The design of this subassembly is such that soldered joints between 
components and circuit boards are subject to thermomechanical stresses well 
beyond those which appear to have been anticipated in the design. These stresses 
arise largely from dimensional changes during thermal cycling. The manner in 
which these forces operate against the solder joints is described in subject 
Interim Report. 
2. The properties of the epoxy system used in this subassembly and des-
cribed in this addendum are such as to aggravate these stresses at the critical 
points. In effect, the solder joint is placed in a position where it is subject 
to severe forces resulting from shearing type displacements between circuit board 
and epoxy filling, both of which are quite hard and unyielding. While a factor 
of 2 in relative coefficients of thermal expansion is not large, it is sufficient 
under the present circumstances to cause brittle failure of lightly soldered 
connections under repeated thermal cycling over a wide temperature range. 
It has been demonstrated that one subassembly previously checked by the 
sponsor and found to be defective contained a less fully cured resin than one more 
fully cured. Since coefficient of thermal expansion decreases with increased 
degree of cure, it is possible that degree of cure could have been a factor in 
the amount of stress developed during cycling. It has also been demonstrated 
that the less fully cured resin is more subject to internal bond destruction; if 
such occurs, the resulting expansion of the resin places additional stress against 
the soldered connections in a direction of least support. Full cure is not obtained 
at 22 phr under a curing cycle of 62 ° C for 1/2 hour. 100 ° C for 2 hours. It is 
apparently not reached even at 25 phr. 
3. Another factor which has been pointed out as contributing to the develop-
ment of destructive stresses at the solder joints is pressure developed in the 
RTV coatings of subassemblies, the RTV behaving as a completely enclosed and in-
compressible liquid under thermal expansion. 
4. In addition to the mechanical effects demonstrated in these studies, 
it appears quite possible that pressure effect upon components, particularly 
diodes but possibly capacitors as well, may change the operational parameters 
of these components sufficiently to cause rejection of the subassembly for 
functional reasons. 
Recommendations  
In view of the difficulties stemming from the design and construction of the 
solder joints involved in these subassemblies, it is strongly recommended that 
modifications in design be contemplated to provide a larger contact surface between 
component lead and circuit board metal. This could be accomplished by making a 
bend in the lead to permit a short section (e.g., 1/16 inch) to lie on the metal 
foil and to be firmly soldered to the foil over that distance. The resulting 
joint would be so much stronger that the present joint that failures under the 
stresses developed during thermal cycling would have low probability of occurrence. 
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In view of the difficulties resulting from the rigidity of the epoxy 
system now being used, it is recommended that an elastomeric potting compound 
be considered as a replacement for the rigid epoxy. Such a system may be for-
mulated from a butyl rubber base. Its physical characteristics may be varied 
considerably to provide the specific properties required for a given application; 
yet, because of its elestic modulus, it will provide a degree of yield under stress 
which will serve to protect vital points during thermal cycling. 
We are enclosing a copy of material published by Enjay Chemical Company, con-
cerning their LM (low modulus) butyl rubber compounds, and direct your attention 
particularly to the following properties: 
High dielectric strength 
Low dielectric constant 
Low dissipation factor 
High volume resistivity 
Flexibility to -55 ° F 
Resistance to water vapor penetration 
Stability of mechanical properties to 250 ° F, continuous 
Resistance to mechanical shock 
We trust that the information provided in this Interim Report and Addendum 
will serve the need which led to your support of this study. It has been a pleasure 
to participate in this study with you, and we hope to have further opportunities 
of similar nature in the future. 
Respectfully submitted, 
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SEALANTS 
Butyl LM ca be formulated into two part, 
room tempera re curing sealant compounds. 
These can be/used in insulated window manu- 
/ facture, and 'for architectural, marine, ighway 
and aircraf sealants. The primary p rformance 
features offButyl LM sealants are: 
Outstan ng moisture vapor 
transmi sion resistance 
Butyl has long be 	regarded as the 
standard against w ch elastomer barriers 
are compared. Its/close packed m ecular 
structure prevent7s the passage o liquids 
and gases 
High resistance to 
polar chemicals 
Butyl ccimpoun.ds can be 'mmersed in salt 
soluti ns, acids, bases, esters and vege-
tabl oils with negligi e changes in physi-
c properties 
Long service life 
The low level oiunsaturation of the butyl 
polymer has /resulted in a long re ord of 
outdoor i rability and good '-at resis-
tance / 
Effective vibrati n damping 
Butyl M sealants posse the same damp-
ing ability that has m e butyl so useful 
to auto manufactu rs in auto bod 
mounts and similar ructures 
ELECTRICAL POTTING COMPOUNDS 
Butyl has long been used for high voltage 
electrical insulation because it combines good 
dielectric properties with durability. Butyl LM 
compounds can be formulated so that they are 
pourable and can be cured in place. These Butyl 
LM compounds maintain good insulating proper-
ties after aging and demonstrate marked advan-
tages over potting compounds based on other 
polymers. The major advantages are: 
Environmental resistance 
Butyl LM has excellent durability, even in 
hot, humid environments where other 
potting compounds are not as effective. 
Butyl LM compounds will not hydrolyze 
Flexibility 
Rigid potting compounds cannot tolerate 
the physical and thermal shocks that have 
no effect on Butyl LM compounds 
Low moisture vapor 
transmission rate 
Potting compounds are usually expected 
to protect valuable components from 
moisture. Butyl LM compounds are 
twenty to several hundred times better in 
resistance to penetration by water vapor 
COAT!NCS 
Coatings sed on butyl rub. r have been used 
for years 	a wide range of 
	
tical applications. 
Butyl 	and Chlorobuty LM compounds ex- 
tend e range of coati 
	
formulations due to 
th= r ease of applicatio . The uses include fabric 
minating, dipped g ds, roofing, waterproofing, 
tank lining, main nance coatings a 	vapor 
barriers. LM pol 
	
ers offer many advan ges: 
High solids a ow viscosity 
tyl LM and Chloro tyl LM can be 
formulated to have ouble the solids 
content of a corn and with the same 
viscosity containi regular butyl 
Low moisture vapor 
transmission rate 
Butyl LM has o' of the lowest moisture 
vapor trans sion rates of the elasto-
meric barri•coatings 
2 
ELECTRICAL POTTING AND 
ENCAPSULATING 
Enjay Butyl rubber has been used for over 30 
fears in high voltage cable insulation. Butyl and 
Butyl LM provide excellent insulating properties. 
Properties of Butyl LM Based 
Insulation Compounds 
High dielectric strength 
	
up to 800 volts/mil 
Low dielectric constant 2.5 to 3.5 
Low dissipation factor 
	
0.005 to 0.01 
High volume resistivity 10 15 ohm-cm 
An outstanding advantage of Butyl LM (and of 
butyl) is its resistance to the effects of Water. 
Formulated Butyl LM has outstanding resistance 
to moisture vapor transmission and will not 
hydrolyze. It provides protection for delicate 
electronic components in hot, humid environ-
ments and effectively insulates and protects high 
voltage transformers in contact with ground 
water (URD). The superiority of Butyl LM's 
resistance to water vapor transmission is illus-
trated in Table VIII. 
Butyl LM formulations are rubber like and 
flexible, eliminating problems of stress cracking 
and mechanical damage. Compounds can be 
formulated with physical properties ranging from 
a soft gel such as is needed in cable flooding 
compounds to strong dense rubber compounds 
such as are used in transformer encapsulants. 
Properly formulated compounds are: 
Resistant to moisture vapor transmission 
Castable 
Curable at room temperature (two part 
system) 
Curable at elevated temperature (one part 
system) 
Flexible to-55 F 
Odorless 
Able to retain mechanical properties at 
environmental temperatures of 250 F 
continuous and 350 F intermittent 
TABLE VIII 
MOISTURE VAPOR TRANSMISSION RATES (MVTR) OF 
ELASTOMERIC POTTING COMPOUNDS 
Elastomer 
Enjay Butyl LM (2) 
MVTR (1) MVTR Relative to Butyl LM 
2 part room temperature cure 0.04 1 
Silicone 
1 part room temperature cure 8.31 208 
2 part room temperature cure 8.00 200 
Urethane 
2 part room temperature cure 2.16 54 
Polysulfide 
2 part room temperature cure 2.80 70 
(1) g of H 2 0/24 hrs/100 sq. in. at 100F and 90% RH differential normalized to 20 mil thickness. 




Able to absorb vibration and sound effec-
tively—high mechanical damping 
Inert to copper catalyzed oxidation non-
corrosive to copper 
Resistant to soil bacteria 
Resistant to chemicals and oxidation 
Resistant to hydrolysis 












Electronic components and circuit boards 
are protected from moisture 
Transformer 
coatings 




Resistant to acidic and alkaline chemicals 
When compounding Butyl LM for these elec-
trical properties the ingredients used play an 
important role. Fillers, plasticizers and solvents 
are discussed in the following paragraphs specif-
ically for electrical compounds. 
Talc - Platy talc such as Mistron Vapor 
are good. The should be used with a 
calcined clay o prevent air entrapnne t in 
the comps nd. Talcs impart •.n-sag 
(thixotro lc) properties to the ormula-
tion. 
W"ting - Whiting shoul 
r sults in compounds 
and poor water stabi y. 
 
Silica - Use of si, cas results in comp unds 
with improve tear resistance b which 
have poor ater resistance. T y can be 
used in s all quantities to p vide non-sag 
proper es. 
Hydrocarbo transformer oil - A recom-
mended for service under 00 F is 
Univolt 3, with a viscosity o 60 SSU at 
100 This results in corn unds that are 
po able at room tempi ature when the 
is used at the 75 pl %level. 
Paraffinic rubber ails - These are recom-
mended for hi er temperature applica-
tion and sery e, e.g., Flexon 865. 
Microc stalline wax - To produce hard 
co sounds that are pourable, a high 
ting wax, e.g., Microvan 1604, can be 
used. This necessitates an application 
temperature above the m ting point of 
the wax as well as an ele .ted temperature 
cure system. Hardn is in the 40 to 50 
Shore "A" range. 
not be used. It 





Only 	ermal type blacks ca 	e used in 
co 	ounds for electrical in 	ation. 
Mineral f ers 
Clay - Calcined cla 	such as Icecap or 
Whitetex are rec mended due to th= r 
excellent water ability. If water stab' ity 
is not important hard or soft clays can be 
SOLVENT 
For ver ow viscosity compound• a sol- 
vent .r the polymer, e.g., toluen , can be 
us- Where external dimensio s are not 
itical, such as in confor al coatings, 
these formulations are '.eal since the 
compound will shrink ound the part for 
a better fit. The s nkage of the com-
pound is limited o the loss of solvent 
only. Compoun hardness varies from 20 
to 80 Shore "A" depending on the fillers 
